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Abstract: Lichen species in the genera Cladonia (subgenus Cladina), Cetraria, Stereocaulon and Alectoria are important 
vegetation components on well-drained terrain and on elevated micro-sites in peatlands in boreal-Arctic regions. These 
lichens often form closed mats, the component thalli in which grow vertically upwards at rhe apices and die off in the 
older basal regions; they are therefore only loosely attached to the underlying soil. This growth habit is relatively 
unusual in lichens being found in <0.5% of known species. It might facilitate internal nutrienr recycling and higher 
growth rates and, together with the production of allelochemicals, it might underlie the considerable ecological success 
of mar-forming lichens; experiments to critically assess the importance of these processes are required. Mat-forming 
lichens can constitute in excess of 60% of the winter food intake of caribou and reindeer. Accordingly there is a pressing 
need for data on lichen growth rates, measured as mass incremenr, in order to help determine the carrying capacity of 
winter ranges for rhese herbivores and to better predict recovery rates following grazing. Trampling during the snow-
free season fragments lichen thalli; mat-forming lichens regenerate very successfully from thallus fragments provided 
trampling does nor re-occur. Frequent recurrence of trampling creates disturbed habitats from which lichens wil l rapid-
ly become eliminated consistent with J.P. Grime's CSR strategy theory. Such damage to lichen ground cover has 
occurred where reindeer or caribou are unable to migrate away from their winter range such as on small islands or where 
political boundaries have been fenced; it can also occur on summer range that contains a significant lichen component 
and on winter range where numbers of migrarory animals become excessive. Species of Stereocaulon, and other genera 
that contain cyanobacteria (most notably Peltigera and Nephroma), are among the principal agents of nitrogen fixation in 
boreal-arcric regions. Stereocaulon-dominated subarctic woodlands provide excellent model systems in which to investi-
gate the role of lichens in nitrogen cycling. Mat-forming lichens are sensitive indicators of atmospheric deposition part-
ly because they occur in open situations in which they intercept precipitation and particulates directly with minimal 
modification by vascular plant overstoreys. Data from both the U K and northern Russia are presented to illustrate geo-
graphical relationships between lichen chemistry and atmospheric deposition of nitrogen and acidity. The ecology of 
mat-fotming lichens remains under-researched and good opportunities exist for making significant contributions to 
this field including areas that relate directly to the management of arctic ungulates. 
K e y words : acid rain, allelopathy, grazing, growth, lichens, nitrogen fixation, recycling, trampling. 
Rangifer, 20 (2-3): 127-139 
Introduction 
That lichens are eaten by reindeer and caribou is one 
of the better known facts about lichens amongst lay 
people of mid latitudes. It is also quite widely 
understood that lichens are symbiotic organisms 
and not plants in the strict sense. Al though they are 
primary producers, and frequently have dimensions 
of small vascular plants, they are in fact composed of 
fungi deriving nutrition (carbon and sometimes 
nitrogen) from unicellular or filamentous algae 
and/or cyanobacteria in mutualistic symbiotic asso-
ciations. Accordingly, it is strictly inappropriate to 
refer to lichens as organisms but for the sake of 
brevity it is often convenient to do so. Lichen-form-
ing fungi constitute about one fifth of the fungal 
kingdom (Hawksworth et al., 1995) and there is 
evidence that lichens represent an ancient associa-
tion that was present amongst terrestrial crust com-
munities during the early to m i d Paleozoic Era 
(Shear, 1991; Taylor et al., 1995). Yet because of 
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Fig. 1. Examples of mat-forming lichens, a) Cladia retipora (Australasia), b) Cladonia stellaris, c) Stereocaulon paschale 
and d) Cetraria cucullata (boreal-arctic zone). Cladia retipora occurs in coastal and alpine heathlands in 
Australasia. Cladonia stellaris is the supreme example of a mat-forming lichen and possibly one of the world's 
most abundant fungi; species that are morphologically similar to C. stellaris occur in the Southern Hemisphete 
e.g. C. pycnoclada, C. leptoclada and C. confusa, which locally form extensive ground cover. 
their minor economic importance the biology of 
lichens remains poorly understood in comparison to 
the other principal types of terrestrial mutualistic 
"plant" symbioses (i.e. mycorrhizas and legumes/ 
actinorrhizas). 
Lichens grow on substrata that are deficient in 
nitrogen and phosphorus, and that are subject to 
frequent episodes of acute drought. Such substrata 
are relatively abundant in boreal-arctic regions. In 
particular, the poorly developed to skeletal soils 
typical of high latitudes frequently support lichen-
rich ground cover. According to Larson (1987) 
lichen-dominated vegetation covers approximately 
8% of the world's terrestrial surface and much of 
this is in the Subarctic and Arctic. However, factors 
that control the development of lichen-dominated 
terrain remain incompletely understood. Such vege-
tation appears to be largely restricted to wel l -
drained surfaces, including elevated microsites in 
peat bogs (Kershaw, 1977; Foster & Glaser, 1986; 
A h t i & Oksanen, 1990); these are sites in which 
vascular plant vigour is reduced due to low soil fer-
t i l i ty and/or that are at an early successional stage 
following fire. Precipitation does not appear to 
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determine the frequency of lichen-dominated ter-
rain; for example, lichen woodland is abundant in 
both north-central Canada (c. 300 m m annual pre-
cipitation) and Labrador (c. 800 mm) although the 
relative importance of particular lichen species may 
differ (Kershaw, 1977). The most ecologically suc-
cessful terricolous lichens are mat-forming species 
of the genera Cladonia (subgenus Cladina), Cetraria, 
Stereocaulon, and Alectoria (Fig. 1). Certain key 
species in these genera can form extensive ground 
cover in subarctic lichen woodland, forest tundra 
and tundra heathlands. They form the principal 
component of lichen intake by reindeer and caribou 
on their winter ranges (e.g. Mi l le r , 1976; Holleman 
& Luick, 1977; Boertje, 1990), although epiphytic 
species are also important in the diet of some popu-
lations (e.g. Rominger et al., 1994). This review 
focuses on aspects of the ecology of mat-forming 
lichens. 
The mat-forming habit 
Mat-forming lichens grow acropetally (i.e. at their 
apices) and vertically upwards while in mature mats 
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the thallus bases die off. Thus the upper l iv ing parts 
of the mats are often supported physically by a deep 
layer of dead, structurally intact, thallus or necro-
mass. This growth habit is relatively unusual in 
lichens being found in <0.5% of the 13 500 known 
species; the vast majority of lichens are firmly 
attached to their substrata. Precipitation and dry 
deposition of dust particles and gases are believed to 
be the primary sources of N and P for lichen 
growth. Thus in deep mats, zones of depletion 
develop in the lower strata due to interception of 
light and nutrients by the surface layers. Several 
authors have discussed the horizontal stratification 
of microclimate and thallus morphology that occurs 
wi th in lichen mats (Carstairs & Oechel, 1978; 
Lechowicz, 1983; Pakarinen, 1985; Sveinbjornsson, 
1987; Coxson & Lancaster, 1989; Crittenden, 
1991). Thallus below the light compensation depth 
(i.e. the depth at which photosynthetic C 0 2 assimi-
lation equals respiratory loss of C 0 2 ) represents a 
respiratory burden and is therefore expendable. In 
the northern hemisphere, Cladonia stellaris is the 
supreme example of a mat-forming lichen. 
Lichens, being essentially fungal mycelia, are 
poikilohydric, i.e. their water status is coupled to 
that of the atmosphere. Under the influence of evap-
orative forces lichens lose water becoming dry and 
largely metabolically inactive. A widely held view is 
that lichens are C-l imited because photosynthetic 
activity is restricted to intermittent periods of ade-
quate water availability. However, there is evidence 
that the more productive mat-forming lichens are 
N and/or P l imited (Crittenden et al., 1994). Several 
of the above authors have suggested that N and P in 
senescing basal parts of lichen thalli might be remo-
bilized and translocated to the growing apices. Such 
internal recycling would be ecologically advanta-
geous because it would permit a higher growth rate 
at the apices than could be sustained by new atmos-
pheric supplies alone. This, in turn, would result in 
a higher rate of necromass production and deeper 
mats wi th the capacity to cast deep shade. In vascu-
lar plant ecology the development of a tall closed 
canopy is a mechanism by which some plant species 
exclude potential competitors and exert dominance 
(Grime, 1979). The capacity to recycle nutrients, 
which would be dependent on the loss of attach-
ment between l iving thallus and the substratum, 
might underlie the ecological success of mat-fofm-
ing lichens. 
There is conflicting information on the occur-
rence of viable seed banks beneath lichen ground 
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cover. Johnson (1975) failed to find germinable 
seeds in spruce-lichen woodland soils in the 
Northwest Territories in Canada whereas I have 
found abundant viable seeds beneath mats of 
Cladonia stellaris and Stereocaulon paschale in Finn¬
marksvidda in Norway. It is probable that seeds 
that descend to the bottom of mats w i l l suffer l ight-
deprivation sufficient to inhibit either germination 
or seedling growth (Kershaw, 1977) while A l l e n 
(1929) described seedlings in lichen mats being 
uprooted or damaged by the expansion of dry mats 
upon rehydration. Thus vascular plant species 
reproducing by small seeds may be excluded from 
well-developed lichen mats. However, studies in 
Sweden (Steijlen et al., 1995; Zackrisson et al., 
1995) have shown that Cladonia-dommaxed ground 
cover in coniferous forests is a more favourable envi-
ronment for the establishment and survival of 
spruce and pine seedlings than vegetation dominat-
ed by either Etnpetrum hermaphroditum or Pleurozium 
schreberi. Germination of pine and spruce seeds is 
not completely suppressed by l ight deprivation 
(Sarvas, 1950) and it is possible that a larger seed 
size might sustain the growth of pine and spruce 
seedlings through the lichen canopy into the 'phot-
ic' zone. However, Cowles (1982) found the centres 
of deep lichen cushions to be formidable barriers to 
the establishment of spruce in lichen woodland i n 
northern Quebec whereas, in contrast, polygonal 
cracks that form in desiccated mats were favourable 
sites for establishment. 
Allelopathic activity 
Lichens produce a diverse range of secondary chemi-
cal products, many of them phenolic derivatives, 
and most being unique to lichens (Fahselt, 1994). 
Such products probably have several functions in 
the lichen thallus. Since many have antimicrobial 
properties, and/or are effective in deterring poten-
tial herbivores, it seems reasonable to suggest that 
one of their functions is chemical defence of the 
thallus (Lawrey, 1986, 1989). The yellow com-
pound usnic acid is one of the more potent lichen 
products in terms of antimicrobial activity and is 
produced commercially as a pharmaceutical (Vartia, 
1973); it occurs in a large number of lichen genera 
and is a typical compound for the subgenus Cladina; 
for example, it contributes about 2% of the dry 
mass of C. stellaris (Huovinen & A h t i , 1986). 
Al though most lichen secondary products are only 
sparingly soluble in water, it has been suggested 
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that trace quantities released into the soil from 
healthy thalli during rainfall, and from decompos-
ing thall i , might inhibit the growth of neighboring 
vascular plants. Species of Cladonia (subgenus 
Cladina) have been reported to retard growth and 
mycorrhizal development in boreal forest trees 
(Brown & Miko la , 1974; Fisher, 1979). This is an 
attractive idea because such allelopathic effects pro-
vide yet another mechanism by which a plant can 
reduce the growth rate of its neighbours and exert 
dominance. However, despite a sizeable literature 
on this topic (reviewed by Lawrey, 1984; 1986) the 
importance of allelopathy i n the ecological success 
of mat-forming lichens st i l l remains to be critically 
assessed. 
There are several potential pitfalls i n experiments 
designed to test for allelopathic interactions 
between plants (Harper, 1975; Qasem & H i l l , 
1989). One of these is that quantities of metabolites 
to which test plants are exposed can greatly exceed 
those occurring in nature so that reported toxic 
effects can be exaggerated, i f not entirely a product 
of the experimental conditions. Thus lichen extracts 
prepared using organic solvents (e.g. Goldner et al., 
1986) or by homogenizing thalli i n water (e.g. 
Brown & M i k o l a , 1974; Kaitera et al, 1996) may 
contain ecologically improbable concentrations of 
metabolites. Cowles (1982) conducted a field exper-
iment in northern Quebec, that has been frequently 
cited in the literature, to investigate the effects of 
lichens on the growth of spruce. H e removed lichen 
ground cover from plots in lichen woodland and 
found that this had a negative effect on the growth 
of black spruce as indicated by a reduction i n the 
rate of branch elongation. This negative effect 
might have resulted from enhanced évapotranspira-
tion since it could be counteracted by covering 
lichen-free plots wi th polyethylene sheet. Cowles 
also investigated the potential role of lichen 
allelopathy by soaking lichen mats in barrels of 
water for 24 h and then applying the filtrate to 
lichen-free plots covered wi th polyethylene sheet to 
compensate for the lost insulating effect of the 
lichens. This procedure was repeated daily during 
the snow-free seasons for 4 y and resulted in a nega-
tive growth response of broadly similar magnitude 
to the positive effect of lichen cover. However, the 
author does not indicate the frequency with which 
lichen in the barrels was renewed during the experi-
ment; water that has passed through a dense mass of 
dead, and possibly fermenting, lichen is l ikely to 
differ markedly in chemical composition from rain-
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fall that has percolated through a l iv ing lichen 
stand. It should also be remembered that lichens are 
not the only producers of allelochemicals in these 
ecosystems: evidence suggests that ericaceous 
shrubs (Pellissier, 1993; Nilsson et al., 1993; 
Inderjit & M a l l i k , 1997; Yamasaki et al, 1998) and 
feather mosses (Steijlen et al, 1995) also produce 
phytotoxins that inhibit the establishment and/or 
growth of trees (see discussion of seed banks above). 
P. D . Crittenden and R. P. Beckett (unpubl.) 
investigated the effects of lichen-modified rainwater 
on mycorrhizal development and growth in the cul-
tivated cranberry (Vaccinium macrocarpon) grown in 
sand-solution culture. Mats of Cladonia stellaris and 
Stereocaulon paschale were reconstructed on stainless 
steel grilles superimposed over rain gauges i n 
lichen-rich birch woodland at Kevo, northern 
Finland, following the method of Crittenden 
(1983). Water that percolated through the mats 
during natural rainfall events was collected quanti-
tatively, filtered to pass 0.22 pm and applied i n 5 
m l aliquots to the surface of the sand surrounding 
each Vaccinium plant; these additions were repeated 
at intervals of several hours unt i l al l water that had 
been collected during a rainfall event was exhaust-
ed. Control plants received either unmodified rain-
fall or deionized water, and the Vaccinium was grown 
either i n the mycorrhizal (inoculated wi th the fun-
gus Hymenoscyphus ericaea [Smith & Read, 1997]) or 
non-mycorrhizal states and under either low or high 
nitrogen regimes (2.7 or 27 parts N / 1 0 6 , respec-
tively, in applied nutrient solutions). The only sta-
tistically significant effect of lichen-modified rain-
water during a three month growth period was an 
increase in the extent of mycorrhizal infection in the 
low nitrogen treatment (Fig. 2). In this experiment 
the quantities of lichen products added to the 
experimental plants were probably ecologically rele-
vant. The two lichen species supported over the 
replicate rain guages appeared to remain in a 
healthy state: they increased in dry mass during the 
experiment and d id not release K * into the percolat-
ing rain water, indicating cell membrane integrity 
(see Buck & Brown, 1979; Tarhanen et al, 1996). 
The promorion of ericoid mycorrhizal development 
may have been due to utilization by the mycorrhizal 
fungus of exogenous organic carbon present in the 
lichen-modified rainfall thus promoting more effec-
tive colonization of the rhizosphere prior to estab-
lishing infection points. It is debatable whether this 
effect would be evident in podzolic soils containing 
abundant soluble organic compounds. Nonetheless, 
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Fig. 2. The effect of lichens on 
mycorrhizal infection in 
the cultivated cranbetry 
(V'actinium macrocarpon). 
Plants wete watered 
with lichen-modified 
rainwater (Cladonia, or 
Stereocaulon), unmodified 
rainwater or deionized 
water, and harvested at 
107 days from planting. 
Plants in the low N 
treatment received 2.7 
parts/ 106 N H 4 * - N in 
nutrient solution, high 
N plants received 27 
parts/ 10fi N H 4 * - N . 
Root subsamples were 
stained in cotton and 
Cladonia StereocauLon Rainfall Water 
5 A 3 2 1 
Infection 
E 6 5 4 3 
category 
lactophenol and scanned with a light microscope at a magnification of x 200, each field of view being assessed 
for mycorrhizal infection according to the scale of Read and Stribley (1975): category 1, 98-100% of cortical 
cells infected; category 2, 75-98% infected; category 3, 50-75% infected; category 4, 25-50% infected; catego-
ry 5, 0-25% infected; category 6, no infection. The frequency of fields of view in which extramatricullar hyphae 
were visible (E) was also noted. (Number of fields of view per sample ranged between 228-985; mean values 
[n = 3] are plotted with 1 standard error; + = < 2%). Frequencies of category 6 infection level with the same 
letter are not significantly different (P>0.05, A N O V A R and Duncan's multiple tange test). The combined fre-
quency of category 6 infection level for low N plants receiving lichen leachates was significantly lower (P<0.05) 
than fot low N plants receiving rainfall or water. 
the results do not support the popular belief that 
lichens inhibit mycorrhizal development. M y own 
observations in lichen woodland are that shrubs and 
trees rooting beneath lichen mats have well-devel-
oped mycorrhizal associations. 
Co-existence with vascular plants 
Terricolous lichens grow on oligotrophic sandy or 
podzolic soils on at least moderately well-drained 
terrain. Vascular plants adapted to these conditions 
have low growth rates (Grime, 1979) and have the 
capacity to absorb simple and complex organic 
forms of nitrogen either directly (Kielland, 1994; 
Schimel & Chapin, 1996) or via mycorrhizal associ-
ations (Smith & Read, 1997; Nasholm et al, 1998), 
thus largely by-passing the need for microbiologi-
cally-driven mineralization processes. Vascular 
plants show plasticity in their root/shoot ratio and 
typically develop larger root systems in nutrient 
deficient soils (e.g. Chapin, 1980; Ti lman & 
Wedin,1991) increasing the carbon cost of mineral 
nutrient recovery. Clearly, with increasing nutrient 
scarcity there is a l imi t to how "rooty" a plant can 
become given the increased respiratory cost of 
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expanding below-ground biomass. As this l imi t is 
approached and plant vigour declines, a point w i l l 
be reached at which productive terricolous mat-
forming lichens can co-exist wi th vascular plants 
(cf. Manseau et al, 1996). 
Lichens do not have root systems and are proba-
bly almost entirely dependent on atmospheric depo-
sition for supplies of N and P (Crittenden et al, 
1994). The seasonal intake of these elements by 
lichens may be substantially less than their vascular 
plant neighbours but the carbon cost of this acquisi-
tion is probably small in comparison. Thus the 
growth rates of above-ground phytomass in lichens 
and vascular plants could be similar or, in extremely 
nutrient poor soils, greater in lichens. Being root-
less, lichens are largely uncoupled from soil water 
and thus must tolerate periods of desiccation during 
which metabolic activity is minimal . Lichen eco-
physiologists tend to view desiccation negatively 
since it is believed that this l imits lichen growth 
rates. In addition, there is evidence that rewetting 
of lichen thalli (e.g. during the onset of rainfall) is 
itself associated wi th a carbon cost (e.g. Lechowicz, 
1981; Dudley & Lechowicz, 1987). However, 
because precipitation is one of the major processes 
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that delivers nutrients to lichens, periods of desicca-
tion between infrequent precipitation events might 
decrease the carbon cost of nutrient capture. 
However, fertilization of these oligotrophic commu-
nities can increase plant growth rates and result in 
the competitive exclusion of lichens (e.g. Persson, 
1981; Jonasson, 1992). It is quite common i n the 
Subarctic for well-drained terrain to experience 
acute summer droughts that could be lethal to fine 
roots of trees and dwarf shrubs which develop close 
to the soil surface. Thus, in addition to paucity of 
soil mineral nutrients, periodic drought may also be 
a significant factor suppressing vascular plant 
vigour and promoting the development of lichen 
ground cover. 
Lichen growth and the impact of tram-
pling and grazing 
Terricolous lichens typically constitute in excess of 
60% of the winter food intake by reindeer and cari-
bou (Miller, 1976; Boertje, 1990). Lichen consump-
tion declines markedly during the summer months 
when graminoids and dwarf shrubs comprise the 
major food items. Crête et al. (1990) estimated that 
the average lichen biomass on the winter range of 
the Rivière George caribou herd (c. 680 000 indi-
viduals i n 1988) in northern Quebec averaged 1223 
kg ha - 1 and that in 1987 0.5-0.9% of this was con-
sumed annually. The significance of this consump-
tion is dependent on lichen productivity; unfortu-
nately, as the authors point out, appropriate data on 
lichen growth are largely lacking. Sveinbjôrnsson 
(1990) has discussed some of the approaches avail-
able for measuring lichen growth rate: these range 
from morphological analyses (that to my knowledge 
have never been critically evaluated) to simulation 
modelling based on net C0 2-exchange measure-
ments. Probably the best method, and possibly the 
only method that should be considered for long-
term productivity determination, is the measure-
ment of mass increment (Jonsdottir et al., 1998). 
Few investigators have measured mass-increment in 
lichens and only Karenlampi (1971), Hooker 
(1980), Crittenden (1983, 1989; summarized in 
Crittenden et al, 1994) and Hyvarinen & 
Crittenden (1998a) have done so for mat-forming 
lichens. The method suffers from the criticism that 
lichen thalli must be detached from the ground (or 
underlying necromass) in order to make the initial 
(time zero) weighing. The effect of such detachment 
has not been fully investigated. 
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In northern Finland, thalli of Cladonia stellaris 
and Stereocaulon pascbale that were pre-weighed and 
inserted into reconstructed lichen mats increased in 
dry mass by at least 26% per year (Crittenden et al, 
1994). This equates wi th a mean relative growth 
rate ( R G R ) of c. 0.004 mg mg"1 d 1 , a value that 
compares favourably wi th those recorded by 
Karenlampi (1971) for the same species using a 
similar method. However, Karenlampi showed that 
in wet years R G R for C. stellaris could rise to 0.005¬
0.01 d' 1. It is instructive to compare these lichen 
R G R values wi th those for vascular plants. Grime & 
Hun t (1975) measured the R G R of plant species in 
the local flora of the Sheffield region in the U K 
under opt imum conditions of temperature and sup-
plies of l ight, water and nutrients. O f the 132 
species screened Urtica dioica was found to have the 
highest mean R G R of 0.3 d 1 and Vaccinium vitis-
idaea, a species that frequently co-occurs wi th mat-
forming lichens in the boreal-Arctic, had the lowest 
value of 0.03 d 1 . W h e n V. vitis-idaea was grown in 
organic top-soil collected from beneath C. stellaris 
mats in Finnmarksvidda, Norway, but otherwise 
under favourable conditions of l ight, temperature 
and water supply, mean R G R values of 0.016 d 1 
were observed (Crittenden, 1989)- Thus, under 
harsher field conditions (e.g. exposure to periodic 
summer drought, lower temperatures) it is not 
improbable that R G R of V. vitis-idaea would 
approach that of C. stellaris consistent wi th the co-
existence of the two species. The measured growth 
rates for C. stellaris and S. paschale are in broad gen-
eral agreement wi th the observation that recovery of 
C. stellaris ground cover that is harvested by man for 
ornamental purposes in northern Finland takes 5-6 
years (S0chting, 1984). Virtala (1992) estimated 
that lichen biomass in overgrazed lichen woodland 
in Fennoscandia could recover from 300 kg ha"1 to 
1000 kg ha 1 in about 9 years, and to 2000 kg ha 4 in 
16 years. 
Mat-forming lichens are relatively loosely 
attached to the ground. I have argued above that 
this loss of firm attachment to the substratum may 
have permitted an increased productivity in those 
species adopting this growth habit. Lichen species 
that form deep mats (e.g. C. stellaris, C. mitis, S. 
paschale) are generally restticted to sheltered sites 
experiencing comparatively low wind speeds: these 
are woodlands and low arctic tundra sites wi th at 
least moderate winter snow cover (Larson & 
Kershaw, 1975; Larsen, 1980). The extent to which 
the distribution of these species is l inked to snow 
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depth, and whether this l ink is causal, is not known. 
In contrast, other species such as Cetraria nivalis and 
Alectoria ochroleuca frequently occur on exposed sites 
experiencing minimal winter snow cover (Larson & 
Kershaw, 1975; Petzold & Mulhern, 1987; A h t i & 
Oksanen, 1990). Lichens beneath deep snow are 
afforded protection against trampling by reindeer 
and caribou herds on their winter ranges (Miller, 
1976). In order to graze terricolous lichens the ani-
mals excavate craters in the snow. This causes 
mechanical damage to mats over and above the loss 
due to consumption; estimates of this wastage range 
between to 2 - 10 times the lichen mass ingested 
(Virtala, 1992). Kauppi (1990) has shown that in 
middle Finland C. Jte/Z^m-dominated lichen mats 
that become covered wi th debris, such as conifer 
needles and bark fragments, can fully recover in 3-8 
years; comparable distutbance effects might occur 
due to deposition of faeces and mat-fragments in 
areas where caribou and reindeer have cratered 
intensively (Miller, 1976). 
In summer, dry lichen mats are destroyed rapidly 
by trampling (cf. Bayfield, Urquhart & Cooper, 
1981). In the case of migratory herds such damage 
may be largely confined to migration routes 
(Boertje, 1990) or to summer ranges where these 
have a significant lichen component. For example, 
Manseau et al. (1996) have reported marked deple-
tion of lichens in tundra used by migratory caribou 
as summer range in northern Quebec. M y own 
observations in shrub tundra between Vorkuta and 
the Polar Ural Mountains in Russia suggest that 
reindeer herding has largely eliminated mat-form-
ing lichens from the ground cover in this region. 
Here, Cladonia arbuscular can be found in most 1 m 2 
quadrats randomly located on well-drained terrain 
but usually only in trace quantities, possibly indi -
cating that efficient foraging is as least as important 
as ttampling; Moser, Nash & Thompson (1979) 
made a similar observation in Alaskan tundra. 
According to A h t i & Oksanen (1990) and Vilchek 
(1997), depletion of lichen cover in tundra due to 
reindeer herding is widespread in Russia. 
Severe degradation of winter range owing to 
summer trampling can also occur where migratory 
movements are prevented by artificial barriers at 
political boundaries or by the stocking of small 
islands (Anon, 1974; Oksanen, 1978; Swanson & 
Barker, 1992; Vare et al, 1996). Deterioration of 
winter range in northern Finland, a result primarily 
of summer-time trampling, is particularly marked 
and on a scale that is evident in satellite images 
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(Kayhko & Pel l ikka, 1994; Vare et al, 1996). 
Where numbers of migratory animals exceed the 
range carrying capacity then excessive winter-time 
foraging can also lead to depletion of the lichen 
resource. Such a situation has been described for 
caribou in northern Quebec (Arseneault et al, 1997) 
and Alaska (Moser, Nash & Thompson; 1979), and 
for reindeeer in Finnmarksvidda (E. Gaare, pers. 
comm.; Kashulina et al, 1997) and Russia (Vilchek, 
1997). 
Mat-forming lichens appear to regenerate well 
following fragmentation. This is exemplified by 
lichen monocultures established at the Kevo 
Subarctic Research Station in northern Finland by 
P. Ka l l io in 1971. Ka l l i o cleared vegetation from 1 
m x 1 m plots on the floor of an open stand of Scots 
pine and then spread 200 g crushed thalli of a single 
lichen species into each. Monocultures of CI. stel-
laris, CI rangiferina, Ce. nivalis and S. paschale had 
developed by 1978 and in 1998 most species were 
present as luxurious mats. Many lichen-forming 
fungi in the genera Cladonia and Stereocaulon can be 
readily isolated into pure culture by plating small 
(60-200 um long) alga-free fragments of macerated 
thallus onto agar (Crittenden et al, 1995) and this 
may also be indicative of the importance of frag-
mentation as a means of dispersal and regeneration 
i n these important lichen genera. 
Kallio's lichen plots demonstrate that mat-form-
ing lichens can regenerate following a massive dis-
turbance i f subsequently left undisturbed but where 
disturbance recurs frequently lichens w i l l not recov-
er. The reason for this is succinctly explained by 
Grime's (1979) C S R sttategy theory which states 
that no plant strategy has evolved that can facilitate 
survival in habitats that are subject to high levels of 
both stress and disturbance. Since mat-forming 
lichens are supremely good toleratots of environ-
mental stress then, i n accordance wi th Grime, they 
must also be intolerant of frequent disturbance. 
Thus lichens are rapidly eliminated from summer 
range by repeated trampling and w i l l only recover i f 
ungulate numbers are reduced (cf. Virtala, 1992). 
Nitrogen fixation 
Lichens that contain a cyanobacterium fix nitrogen. 
A n important finding of the International 
Biological Programme's Tundra Biome investiga-
tions was that cyanobacterial lichens (principally of 
the genera Peltigera, Stereocaulon and Nephroma) are 
among the major agents of nitrogen fixation in the 
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Subarctic and Arctic (Stewart, 1976). There has 
been a sufficiently large number of studies of nitro¬
genase activity in lichens to provide a relatively 
good understanding of which genera and species are 
the most active fixers (e.g. Peltigera spp.) and how 
rates of nitrogenase activity are controlled by envi-
ronmental factors such as thallus water content, 
temperature and incident l ight (Kershaw, 1985). 
But what is the ecological significance of nitro-
gen fixation by lichens? There have been several 
attempts to produce annual rates of N input by 
lichens in both northern boreal forests (Bil l ington & 
Alexander, 1983) and tundra habitats (Gunther, 
1989; Getsen et al, 1997). However, almost invari-
ably these estimates have been derived from the 
results of the acetylene reduction assay, an analogue 
enzymatic teaction which, at best, only gives an 
approximate measure of absolute nitrogen fixation 
rates. Where feasible, annual rates of nitrogen fixa-
tion can probably be more appropriately obtained 
from the product of growth (as mass increment - see 
above) and thallus nitrogen concentration but as yet 
such calculations have not been made [with the 
exception of Crittenden (1989)}. Further, estimates 
of N input by lichens have not been placed in con-
text with other N fluxes in the ecosystems under 
study. Larsen (1980) constructed a schematic N 
cycle for the boreal forest which incorporated an 
estimate of nitrogen fixation for S. paschak derived 
from acetylene reduction data of Crittenden & 
Kershaw (1979). This suggested that nitrogen fixa-
tion by this species <20 kg ha - 1 y 1 ) could potentially 
provide much of the annual N requirement of vas-
cular plants (10-40 kg ha 1 y 1 ) in upland spruce for-
est. Stereocaulon paschale is an active nitrogen fixer 
that has the potential to form extensive, almost 
monospecific, groundcover in lichen-woodlands. 
Such ecosystems are abundant i n north-central 
Canada (Kershaw, 1977) and parts of Russia 
(Lavrenko & Sochava, 1956; Karev, 1961) and w i l l 
make excellent model systems in which to investi-
gate some key questions that to date remain unex-
plored. For example, by which pathways and in 
what quantities does N 2 fixed by lichens reach vas-
cular plants? Does the presence of N 2 - f i x ing lichens 
influence rooting patterns, and promote the growth, 
of shrubs and trees? These questions have a direct 
beating on the primary productivity of lichen-rich 
ecosystems. Moreover, N 2 - f i x ing lichens are particu-
larly sensitive to air pollution (e.g. Hall ingback & 
Kellner, 1992) giving added significance to these 
questions. Species of Peltigera and Nephroma ate l ike-
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Fig. 3. The relationship between mean values (with +1 
standard error) of the ratio [K*}:[Mg2*] (w=5-10) 
in the apices of Cladonia portentosa and hydrogen 
ion concentration in precipitation ([H*]pl) t) at 31 
sites in the British Isles. 
ly to be among the first lichens to be eliminated 
from subarctic areas affected by acid rain and there 
is a pressing need to better understand their ecolog-
ical role. 
Response to pollution 
Lichens are renowned for their ability to accumulate 
pollutants and for their usefulness as indicators of 
pollution loads. Perhaps of most significance for 
eindeer and caribou production is the capacity for 
lichens to intercept and accumulate radionuclides i n 
atmospheric deposits (Nevstrueva et al, 1967; 
Taylor et al, 1988; Feige et al, 1990; Baskaran et 
al, 1991; Strandberg, 1997). The food chain con-
centrating effect has been implicated as the cause of 
an increased incidence of cancer among some native 
peoples in the Arct ic (Crittenden, 1995). 
There is now growing interest i n the impact of 
acid rain in northern latitudes. A c i d rain contains 
elevated concentrations of both acidity and N , prin-
cipally as nitrate. The concentration of N O , in pre-
cipitation has steadily increased i n northern lati-
tudes during the past century (Brimblecombe & 
Stedman, 1982; Rodhe & Rood, 1986; Fischer et al, 
1998). Recent studies have shown mat-forming 
lichens to be sensitive indicators of N and acid 
deposition. Us ing Cladonia portentosa in Bri t ish 
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Fig. 4. The relationship between mean values (with ± 1 
standard error) of total nitrogen concentration 
(«=5-10) in a horizontal stratum of Cladonia por-
tentosa between 40-50 mm from the thallus apices 
([N]baS(.) and wet deposition of NO3 as a function 
of total N deposition. 
heathlands as a model system, Hyvarinen & 
Crittenden (1996; 1998b) showed that the ratio K * 
: M g 2 + in the thallus apices was highly correlated 
wi th H * concentration in precipitation (Fig. 3), and 
that thallus N concentration was related to total N 
deposition (Fig. 4). Whi l e a preliminary study 
could not find any evidence that the growth of C. 
portentosa was impaired by acid rain (Hyvarinen & 
Crittenden, 1998a) it was often absent from 
eutrophicated heathlands. This is probably owing to 
competitive exclusion by mosses and vascular 
plants, the growth of which is believed to be stimu-
lated by elevated N deposition driving a change 
from slower to faster growing species. Mat-forming 
lichens may provide particularly sensitive indicators 
of atmospheric chemistry because (i) they occur in 
open situations where they intercept atmospheric 
deposits directly and largely unmodified by plant 
canopies, (ii) they are partially isolated from the 
chemical status of underlying soil by a layer of 
necromass, and (iii) they are very efficient scav-
engers of inorganic N (and probably P) in precipita-
tion (Crittenden, 1983; 1989; Hyvarinen & 
Crittenden, 1998c). For example, nitrogen concen-
tration in the apical 5 m m of C. stellaris was mea-
sured at sites distributed along a 240 k m long tran-
sect across the taiga-tundta ecotone in northern 
Russia and found to gradually decrease from south 
to north (Fig. 5). This change probably reflects a 
south to north decrease in N deposition due to 
either a decline in total precipitation (ranging from 
c. 1200 m m at the southern end of the transect to c. 
620 m m at the northern end) or a pollution gradi-
ent, ot both. However, a comparable gradient in 
nitrate concentration in winter snow pack was not 
observed (Walker, Crittenden & Young, unpubl.). 
Ecosystems at high latitudes are classically N -
l imited and potentially responsive to N pollution. 
This is likely to increase in the future due to such 
activities as exploitation of oi l and gas reserves 
located deep wi th in the Subarctic. Nitrogen pol lu-
tion has been implicated as a factor contributing to 
increased growth rates of northern boreal forest 
trees (D'Arr igo et al, 1987; Myneni et al, 1997; 
Nadelhoffer et al, 1999). The effect on lichens w i l l 
depend on the N load. Species containing cyanobac-
teria, such as Stereocaulon, Peltigera and Nephroma 
may be particularly susceptible to increased N and 
acid deposition although the latter species are not 
favoured by reindeer or caribou. However, increased 
vascular plant vigour could result i n the competi-
tive exclusion of terricolous lichens in the most 
100 150 200 250 300 
Distance (km) 
Fig. 5. Variation in mean values (with ±1 standatd error) 
of total nitrogen concentration (» = 18) in the api-
cal 5 mm of Cladonia stellaris along a 240 km 
transect in the Usa River catchment, notthem 
Russia. The transect extends from Vangyr (lat 
64°14'N, long 59°12'E) in the boreal forest 
northwatds to the Khosedayu River in the tundra 
(lat 67°15'N, long 59°37'E). 
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affected areas. S0chting (1990; 1995) considers this 
to be a contributory factor in the decline of Cladonia 
(subgenus Cladind) spp. in Danish heathlands. In 
some of the most eutrophicated heathlands in the 
Netherlands and the U K there has been an incur-
sion of graminoids resulting in competitive exclu-
sion of not only lichens but also ericaceous shrubs: 
i n these areas heathlands are changing into grass-
lands (Aerts & H e i l , 1993; Marrs, 1993). 
Concluding remarks 
The majority of lichen research is curiosity-driven 
and takes place in countries without reindeer indus-
tries. It attracts minimal financial support and 
lichenologists are not generally accustomed to hav-
ing end-users who consider lichens of practical 
importance. Perhaps it is not surprising, therefore, 
that lichenology is poorly equipped to address some 
of the range management issues facing reindeer 
herding. One way forward is for those working in 
reindeer range management to identify key ques-
tions that they think lichenologists should address. 
These can be publicised in international fora and 
w i l l hopefully provide incentive for research on top-
ics that are currently neglected and perhaps viewed 
as unfashionable. The rate of mass increase in mat-
forming lichens is clearly one such topic. 
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